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ABSTRACT

XWork performed on Contract Number F08606-76-C-0011 has

been reported in detail in a series of ten technical reports,

This final re~

port summarizes the material covered in each of the technical reports and

discusses the conclusions obtained. The four tasks in the progi'am included

the following:

° Evaluate available data from the Iranian Long Period Array

(ILPA) and the Seismic Research Observatories (SRO), and

evaluate the detection capability of the Korean Seismic Re-

search Statlon (KSRS) usmg an Optlmum seismic detectix).

e ——

———

) L\ Evaluate the detection capability of a global seismic network

of arrays, and determine the effectiveness of an adaptive

beamforming algorithm as a short-period (SP) detector

apphed to oif-line beamed SP KSRS datf}
B e

° \‘ Determine the improvements in long ~-period signal egtimation

ot

‘ny cascadmg prevxously developed techmqu/ eveloping a )

-~ seismic filter which adapts to azimuthal wandering of incident

signals, and designing a long-period adaptive filter which in-

\ corporates a surface wave group velocity dispersion relation.

e ' Evaluate the discrimination capability of an expanded inter-

active graphics system for the PDP-15 computergwhich in-

cludes complex cepstrum and frequency domain ctral

analysis, and examine the depth determination capab§lity of

first-zone higher mode surface waves.
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SECTION I
INTRODUCTION

This final report summarizes work performed under Contract
Number F08606-76-C-0011, entitled VELA Network Evaluation and Automatic
Processing Research, by Texas Instruments Incorporated at the Seismic Data
Analysis Center (SDAC) in Alexandria, Virginia. This program, which was
conducted during the period from 1 July 1975 to 30 October 1976, consisted of

it o e & e e AAd SR 2 o,
P -

the following four tasks: T

™ Evaluate available data from the Iranian Long Period Array
(ILPA) and the Seismic Research Observatories (SRO), and
evaluate the detection capability of the Korean Seismic Re-

search Station (KSRS}) using an optimum seismic detector.

® Evaluate the detection capability of a global seismic network
of arrays, and determine the effectiveness of an adaptive
beamforming algorithm used as a short-period (SP) detector

applied to off-line beamed SP KSRS data.

. Determine the improvements in long-period signal estimation
by cascading previously develuped techaniques, developing a
seismic filter which adapts to azimuthal wandering of incident
signals, and designing a long-period adaptive {ilter which in-

corporates a surface wave group velocity dispersion relation.

] Evaluate the discrimination capability of an expanded inter -
active graphics system for the PDP-15 computer which in-
ciudns camiplex cepstrum and frequency domain spectral
analysis, and examiue the depth determination capability of

first-zone higher mode surface waves,

1-1
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4%‘ The detailed results obtained for these tasks have been pre--
.; sented in a series of ten technical reports. This final report summarizes
}; their results in Sections II through V. Section VI briefly describes the com-
{ : puter program documentation of the Adaptive Beamforming (ABF) program E
gn{§ : which has the capability to use Type 3 (format specification) data from the
i I Korean Seismic Research Station. References are given in Section VII, and {

a list of all reports issued under this contract is in the Appendix.
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SECTION 11
EVALUATION TASKS

The majority of the results from these tasks were presented
in three technical reports. A preliminary evaluation of the capabilities of
the Iranian Long Period Array was given in Technical Repori No. 1, and a
preliminary evaluation of the five Seismic Research Observatories for which
data were received was described in Technical Report No. 2. An evaluation
of the detection capability of the Korean Seismic Research Station (KSRS) us-

ing an optimum seismic detector was presented in Technical Report No. 3.

A. Tasks Using Iranian Long Period Array (ILPA) Data

Because the first ILPA data was not received until the con-
tract was well underway, this task was expanded to include the systems pro-
gramming task of transferring ILPA data from the Seiemic Data Analysis
Center (SDAC) via the ARPANET to the Mass Store. A description of this

program will be given following the summary of Technical Report No. 1.

1. Technical Report No. 1: Preliminary Evaluaticn of the Iranian

Long Period Array

This report presented the results of a preliminary evaluation
of the seven element Iranian Long Period Array (ILPA). Since data did not
begin to arrive until the end of May 1976, it was necessary to sharply curtail
the goals of this evaluation. In the limited time remaining in the coantract
period, emphasis was placed on evaluating the quality of the ILPA data and
obtaining estimates of ILPA detection capability. The specific areas of in-
vestigatioa inciuded the following:




Data quality

Sources of data errors
Beamforming gains

Seismic event detection thresholds

Seismic event Ms' m._ relationships.

b

The results determiaed from this first evaluation of the Iran-

ian long Period Array are the following:

The ILPA data quality is judged to be fairly good despite the
various problems eacouantered in reading the data tapes, Of
the 281 events in the data base, 84 percent were successfully
processed, 1.8 percent were lost due to no data being record-
ed, 5.3 percent were lost to uncorrectable malfunctions, and

8.9 percent were lost to unreadable data,

The highest gain in signal-to-noise ratio due to beamforming
was 6.17 dB on the vertical component. Gains on the hori-

zontal components averaged between 3 and 4 dB.

The 1LPA short-period 50 percent detection threshold was
estimated to be 4. 08 m, units. Detection statistics used in
making this estimation were obtained by visually reviewing

develocorder films for events 1 through 45.

The absolute 50 percent detection threshold for 1LPA beam
data is at m, = 4. 55 for Rayleigh waves and m, = 4. 48 for love
waves. Absolute detection thresholds were arrived at by
counting all mixed eveats, events for which no data was avail-
able, events containing malfunctions, and events for which the

data was unreadable as non-detections.

11-2 .
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The conditional 50 percent detection threshold for ILPA beam
data is m, = 4.09 for Rayleigh waves and m, = 4, 04 for Love
waves. Conditional detection thresholds were arrived at by
including in the detection statistics only those events for which

a detection/non-detection decision could be made.

Beamforming lowered the conditional 50 percent detection

threshold by approximately 9. 15 m_ units,

b
Indirect estimates of the 50 percent detection threshold made
from noise samples agreed quite closely with the above de-

scribed direct estimates.

Combining the beam detection stalistics of the individual com-
ponents resulted in a conditional 50 percent detection thresh-
old of m, = 4,01 for the case where an event wae declared de-
tected if it was detected on one or riore components., This
coaditional 50 percent detection threshold is m, = 4.13 for the
case where the event was declared detected only if it was de-

tected on all three components.

Ms' m, fits were computed at periods of 20, 30, and 40 sec-
onds for earthquake data oanly, since the data base did not con-
tain any presumed explosions. For this data base, the surface

wave magnitude decreasad with increasing period.

The major areas which must be investigated in the future to

complete the evaluation of the Iranian Long Period Array are as follows:

Noise analysis - A daily sampling of the noise field is need-
ed to provide us with estimates of RMS noise levels, spectral

coatent of the noise, and noise coherency.
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® Signal analysis - The data base must be greatly expanded so
that regional detection capability can be estimated. Also, the
work on signal-to-noise ratio gains due to beamforming should

be coutinued and expanded.

° Discrimination capability - Depth information for the earth-
Quakes and a suite of presumed explosions must be obtained to

determine the ILPA discrimination capability.

2. ILPA Data Transfer Task

This task involved the development cf software to transfer
ILPA data from the SDAC via the ARPANET to the Mass Store. This work

involved the following major steps:

e In determ{ning which Data Language transfer procedure would
be operationally feasible for ILPA files in the Mass Store, the
UPDATE statement was found to be the most satisfactory.
The ILPA port spacifications were written to support this ap-

proach.

e The 1LPA Loag-Period, Short-Period, and Coarse Status file

and port speciiicationl were compiled and tested.

® The ILPA Satellite Tape Reformat Program which generates
Long-Period. Short-Period, and Corase Status files cn 9 track,
1600 bpi tape that were compatible with corresponding ILPA

port specifications was designed, implemented, and tested.

® The Data Leaguage entry procedure by which an operator may
realistically transfer ILPA data files to the Mass Store was
specified,

iu-4
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To formally complete the ILPA Data Transfer Task, a demonstration was
conducted for the Air Force during which ILPA data was transferred to and

retrieved from Mass Store files managed by Computer Corporation of Amer-
ica's (CCA) 203 Datacomputer,

B. Technical Report No. 2: Preliminary Evaluation of the Seismic

Research Observatories

It has been noted that a significant amount of long-period seis-
mic data recorded at surface-sited iustruments is degraded or obscured by
wind-induced earth tilts. Tests and theoretical data indicated that this aoise
could be avoided by locating the sensors at a depth of 100 meters or more.
This report presented the results of the work conducted to date on the evalua-
tion of the Seismic Research Observatories, which weres built to implement

this observation,

The specific goals of this evaluation were as follows:

° To evaluate the quality of the short-period and loag-period
data recorded at eaclh SRO,

e To investigate the short-period and long-period noise field at
each SRO.

° To estimate the detection capability of each SRO.

. To estimate the discrimination capability of each SRO.

Swificieat data was available from five SRO stations to permit
this evaluation in terms of the points listed above. These stations are Albu-

. querque, New Mexico (ANMO); Guam, Marianas lslands (GUMO); Mashhad,

Iran (MAIO); Narrogin, western Australia (NWAOQ); and Wellington, New Zea-
1aad {SNZO). |
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The major results of this first evaluation of five of the SRO

stations were as follows:

In general, the quality of the SRO data is good. In the worst

case for long-period data, that of the horizontal components of

ANMO, the detection status of 14 percent of the signals analyzed

could not be determined due to malfunctions. At the other sta-
tions, approximately 10 percent or less of the signals analyzed
were lost due to malfunctions. The only short-period mal-
functions were calibratious at SNZO, where 1 percent of the

data could not be analyzed.

In order of increasing magnitude, the mean short-period RMS
noise values were as follows: 0,36 mu at ANMO, 0.51 mu at
MAIO, 6.42 mp at NWAO. 19.42 mu at SNZO, and 31.01 mpu
at GUMO, These values .re uncorrected for instrument re-

sponse.

Short-period noise for all GUMO noise samples and some
SNZO noise samples exceeded the system recording capability.
When this happened, the noise appeared as a continuous series
of spikes. This problem has been corrected by changing the
quadt:ization rate at these stations from 2000 computer counts

per miliimicron to 2 computer counts per millimicron.

The lowest values of instrument response corrected long-
period RMS noise were recorded at GUMO and MAIO. The
values at ANMO and NWAO were slightly higher. The values
for SNZO long-period RMS nolse were approximately twice the
size of the other stations.

The average instrument response corrected RMS amplitude

spectrum for GUMO noise shows a local maximum near 25

u-6

v

—

[ S R ]

—— ot

—ta

T
s R g

PR

[



™Y
S

ey 3

seconds period. The cause of this will have to be investigated

in future werk,

Based on the average RMS amplitude spectra for the five sta-
tions, the optimum bandpass filter for the SRO data has corner

frequencies at 0.025 and 0.050 Hz,

The short-period 50 percent detection threshold for events
with epicentral distances ranging between 0° and 103° is 4.42

m, units for ANMO, 4.13 mb units for MAIO, 4,87 m, units

for NWAO, and 6, i4 mb unita for SNZO. No events were de-

tected on the GUMO short-period component. The vai_unces

. on the MAIO, NWAG, and SNZO 50 percent detection thresh-

‘olds were large, suggesting that more data are required at

these stations to better define the detection thresholds.

The indirect estimates of the long-period 50 percent detection
threshold agree quite well with the direct estimates excepc at
MAIO, where the indirect sjtimate is 0.22 m, units higher

‘than the direct estimate.

The direct estimates of the loug -period 50 perceat detection
threshold are 4,57 mb unite for AINMO, 4.51 m, units for
GUMO, 4. 34 m, units for MAIC, 4. 66 m, uaits for NWAC,
and 4. 60 m_ units for SNZO, These estimates were made us-

b
ing a data set from which all presumad explosions and kaown

"deep events had been deleted.

Ealed on extremely lhniféd presumed cxplbsiom data, the Ms'

m, discriminant works for presumed explosions from the

Eurasian landmau but breake down for presumed explosions

from Ntvadt.




“‘42 it

v
. e R Tk T

o

" - R -
R tm mm e o= mm e me s < man

pedee 4 e Do

S

P e

s Bsin e

e

B e R . T o =
P .

Future work on the evaluation of the SRO stations will be

directed toward the following points:

] Evaluating all SRO stations as they become operational.

° Expanding the short-period and long-period noise data base so
that cne year of data is available. This will permit study of
long -term unoise trends.

° Building into the Interactive Seismic Processing System the
capability to make instrumeut response corrections,

° Expanding the signal data base so that detection and discrimina-
tion results can be regionalized.

. Expanding the presumed explosion data base to improve esti-
mates of discrimination capability.

° Obtaining depth information so that deep earihiquakes can be
deleted from the data base. This will improve estimates of
long -period discrimination capability,

C. Technical Report No. 3: Eva.lué_xtion of Two Automatic Signal Detec-

tors Using the Korean Seismic 'Ré;searcl‘; Station Short Period Array

For this study, two automatic sigual detectors were applied to

Kox"-aan Seismic Renearch,.gtatig;u_ (KSRS) short-period array dita. The two

detactéru va,re {1) the conveuntional powe’x détecior. which computes the ratio

-of the ert tu-m average beam sq\nre tu the oxg:onentially-nmoothed long -
'vtez-m averagm bcam square as the detector output, and (2) the Fisher dﬁtecwr_
_.-'which cempﬂ.na the ratio of short-term wcruge béa,m uquare to short -term
_avemge v&ridwca rrou ﬁw army. | Tho de&ectara were &esigned usius, a con- - o
o stant wu'm ra,te a.,gorithm i:ar updatwg the d&tmticn thmgholda (La:m. 19?43, o
C ,‘,‘Tha ob;}ee:tzwes im- &hiu study ware“ 'tho " .
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) Determine the seasonal detection performance using both de-
tectors.

® Determine the detectors performance for regions of interest,

o Determine the improvement in detection capability using an

automatic detector over that of an analyst.

The two detectors wel . . «.aated for their detection perfor-

mance on the basis of a constant alarm rate design operated at 10 alarms per
hour. A total of 330 events in November 1974 and January-February 1976

was used as a data base. The major results of this study were the following:

° For a central Eurasia region, the 50 percent detection bodywave

magnitude was approximately 4.4 m, units using both detectors

b

on the basis of the November data, and 4.2 m, on the basis of

the January -February data.

° For a Kurile-Kamchatka region, the 50 percent detection body-
wave maghnitude was approximately 4.2 m, oc the basis of
January-February data.

L I l"‘\; A single sensor power detector (using site 1) had a 50 per~cat

g‘}.\‘detection bodywave magnitude of 4.3 m
i ,
the January-February data.

b for all regions using

e 3

\

e ﬂ_;ompared with the analyst's picks (using the KSRS detection

: 'llpgs).. both detectors approached the analyst's detection cap-
.i_i;‘bility. It was difficult to attach a precise number to this com-
" /parison hecause of the lack o! accurate epicenter locations

" {hence possible large variatig ns of a; ~ival timej.

L , | A In answer to the ywestion of which detector is superior, a par-
. allel swdy by Swindell and Snell (1976) indicates that the conventional power
doucto: is tho ;'wr.tgx dgtfcctqg, Because both detectors ha' ~ the same




numerator in the mathematical algorithms, any difference in performance

must come from the denominators., The conclusion that the conventional

m

; power detector can detect a signal more accurately than the Fisher detector
A lies in the fact that the algorithm in the coaveational power detector was suc-

cessful in freezing the long-term average (LTA, the denominator) upon the

N 2 -
W LSOO U SR
e

signal arrivals. This mechanism effectively prevents the contaminatioa of

T
Sy

signal energy in the LTA, yielding the desired greater output. The Fisher
detector in the denominator computes the amplitude variance acrocs the ar-

ray. When sigaal similarity is not perfect, the signal component of variance

A

degraded the performance significantly, in addition to the conventional beam-

e F

forming loss {(numerator).
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SECTION 1l
SIGNAL DETECTION METHODS

The detection methods task under this coatract consisted of
two studies, one concerned with the determination of the detection capability
of a network (Technical Report No. 4) and the other the detection capability
of an array using an adaptive beamforming (ABF) algorithm (Technical Re-
port No. 5).

A, Tecl nical Report No. 4: Network Capability Estimation

The purpose of this study was to evaluate the effect of certaia
parameters upon the detection capability of a seismic network. Detection
capability is defined as the loweot magnitude at which the probability of o
station detections exceeds a specified limit, Since the paramciers individual-
ly bave a wide range, the followiny plun was implemented, A baseline network
was established using station noise statistics furaiehed by Rothma~ {1974), aad
best known values for the other parameters. Thea the paran.etor. uing tested
were varied individually from the baseline value, and the resuicag < hange in

network detection capability was calculated,

The experimeat was conducted usicg a madi.ﬁcé}l version of the
computer program NETWORTH (Wirth, 1971), Given station parameters and
epiceaters, both network detec;tiuiz"ﬁhmahai& mag.raimdgaa‘ and location coanfi-
dence regions are computed, The paramieters 'which.ii‘gniiicaatly affect the
astwork detection capability iuclude the, stalion ,decegtipn‘thxéshoid (SD7T),
possible station downtime, variancs of ihs logasivers of the .asi‘g_nal amplitude,
aad station noise levels. The major cdné&h*;i;dp'ﬁ fraim this study were the

followiig:
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" The station detection threshold (SDT) and the station reliability
were found to be the more critical parameters. Changing the
station detection thresholds (over the entire network) altered
the network magnitude detection capability by a constant; this
constant ecjvalled the logarithm of the ratio ~¢ the two thresh-
olds. The relative ranking of the individual staticas was unaf.

fected by changing the SDT at & network level,

° Station reliability was fouad to have significant impact upon net-
work capability; capability loss exceeded 0.4 m, as reliability,

(or percentage of station uptime) dropped below 70 percent.

° Changes in the signal amplitude variance (a'i) had little e'fect
upon detection capability for Eurasian events, For events far
removed from the network interior, detection capability de-
creased as O‘i .acreased, However, since the network ex-
amnined is primarily designed for Eurasiaa surveillance, this

network can be considered inseasitive to changes in di .

B. Tecbrnical Report No, 5: Study of the Adaptive Beamforming Detector
Using the Korean Seismic Research Station Short Pericd Array

The¢ adaptive beamforming (ABF) processing system is a maxi-

mum likelibecod multichaanel time-domain adaptive filtering beamiformer. The
design goal is to minimize the fiiter output squared subject to unity response
- constraiats in the look direction. The constraints are designed for passing a .
plane wave signal from the look direction in array beamforming. The objec-
tives for thia study were the followings '
¢  To detérmine the adaptive beamforming noise reduction reia-
| ti&_q to bewmsteering and to ﬁe’s&ermﬁ'@n the false alarm probu«
| bility for the admﬁvdbﬂmfnmma detector at the Korean
\Sahmic Resosrch Station (XSRS} short-period urray.
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To determine the ABF detector's performance and to estimate
the increased array detection capability using the ABF detec-

tor,

The performance of the adaptive beamforming detector was

evaluated using two hour-long noise samples and a total of 132 events in Eur-

"~ asia. The major results of this experiment were the following:

The noise reduction of the adaptive beamformer was about 6-
10 dB gain relative to beamsteering in a lower frequency pass-
band (0.5 - 1.1 Hz) and 2-4 dB in a higher frequency passband
(1.5 - 2,4 Hz).

Using 38 events in central Eurasia recorded in November 1974,
the detection probability estimate yielded a 50 percent detection

bodywave magnitude of 4.35 m_ for beamsteering and 4.24 m

for the ABF detector. For 94 t;vents in the Kurile-Kamr.:hatk:
region recorded in January-February 1976, the 50 pzrceat de-
tection bodywave magnitude was 4,19 m, for beamsteering and
4,12 m, for the ARF¥ detector,

A simulation study indicated tha¢ signal degruadation using the
ABF algcrithm increases for the lower single-chaanel input
signal-to-noise ratios. {This explains the dissappointing re-
sults given abuve,) Freezing the ABF update mechanism pre-
vented this signal degradatios somewhat, but for actual ap-
plicability as a detector this degraddtion depends on whether
or act the noise is propagatiag in the look direction. Future
work w&»),l:bt directed towasrd minimizing this sigual deyrada-
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SECTICHY IV
SIGNAL ESTIMATION TECHNIQUES

The results of this task are presented in three reports. The
optimizing of three important signal processors for possible cascading is pre-
sented in Technical Report No. 6. An improved version of the three compo-
nent adaptive processor is studied in Technical Réport No. 7, and a time-
variant Wiener filter utilizing the regicnally dispersive characteristics of

long-period surface waves is developed in Techanical Report No. 8.

A, Techaical Report No, 6: Development of Three Signal Processing

Techniques

This report descrilves the performance of three important pro-
cessors for seisrnic data: the Wiener filter, the matched filter, and the three
component adaptive (TCA) process¢ér. Each has been optimized as far as pos-

sible for cascading ia the immediate future.

The data used here were single-site Alaska Long Period Array
(ALPA) signals and noise samples. Single-site data were used because the
detection problem is more severe for a single instrument than for an array,
and because the trend at preseat is toward deployment of single-site instru-

mentation (Seismic Research Observatories) and small arrays (Iranian Long

- Peried Array). ALPA data were used because they are of high quality and

because the uature of noise and signuls at ALPA is well known.

Synthetic data were prepared by selecting a 2048 -point seg-
mynt of seismic noise, sampled every two seconds, and adding to it a suitably

scaled signal, originally recorded at high signal-to-noise ratio (SNR}, to form

Iv-1
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a composite trace. The ratio of the scaled peak to the root-mean-square
{RMS) value of the noise preceding the time at which the signal was added
was the true input signal-to-noise ratio. For the matched and Wiener filters,
different scale factors were used for each trace so that all had the same SNR,
For the TCA, a common scaliw factor was used so that the signal was not dis-
torted. This procedure has ilte advantage over use of signals as recorded
that the true SNR and peak arrival time are known exactly, and can be varied

by the experimenter.

The general experimental procedure was as follows. The test
event was buried in noise at variocus known SNR's, and the processor under
study applied to the composite trace. The ratio of the largest peak in the sig-
nal arrival interval to the RMS value of the preceding noise was calculated.
The SNR was also calculated for the same composite trace filtered between
0. 024 Hz and 0,059 Hz, the frequency range where the SNR of seismic events
is expected to be large. The difference (in dB) between these ratios was the

gain of the processor over the bandpass filter.

It is useful to present gains rather than absolute SNR's because
g2ins do not increase indefinitely with input SNR, but saturate at some maxi-
mum value. The bandpass filter was chcsen as a standard because it is a

routine form of signal improvement whose performance is well known,

At low vidlues of input SNR the signal is so far below the noise
that the peak of the processor output is not contributed by the signal. Con:e-
quently, the gain is not a function of the iaput SNR. At sufficieat input SNR,
the processor output is determined by the signal, although, hopefully, the
bandpass filters' output is still due to noise. At this point the gain of the
processor begins to increase. At some higher SNR the bandpass filter peak
is due to the signal, and thereafter little gain is obtained. In some cases the

gaia may decrease. Iu any case, the SNR gain reaches a maximum, aad this

maxinmum gain i8 taken here as a measure of processor performance.




sults:

The optimization of these processors yielded the following re-

The Wiener filter used a synthetic reference power spectrum
and had its greatest improvement in signal-to-noise ratio when
corvelation terms between the signal and noise were ignored.
The gain of this filter over the bandpass filter ranged from 2

to 6 dB, depending on the noise and signal samples examined.

A prewhitened matched filter using the same reference event
(as the Wiener filter) displayed from 6 to 10 dB improvement
over the bandpase filter, By the nature of the matched and
Wiener filters, the matched filter is expected to have better

gain.

The TCA yielded from 10 to 17 dB improvement over the band-
pass filter when a weighting function based on the probability
distribution function of the variables of the surface wave par-

ticle motion was employed.

For all processors the gains found when signals were held con-
stant were more consistent than when noisc¢c samples were held
constant. This is presumably because details of the noise are
less important in determining gain than are details of the signal

being sought.

B. Technical Report No, 7: Evaluation of the Three-Component Adapti.e

Processor

The three-component adaptive processor (TCA) was developed

at the Lamont Geophysical Observatory (Shimshoni and Smith, 1964) and was

evaluated for single-site and heam data by Texas Instruments Incorporated

(Lane, 1973),

Thie processor, designed to improve the detectability of long-

Iv-3
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o pericd Rayleigh and Love waves, takes advantage of the known phase relation-

f : ships among the three mutually perpendicular long-period seismometer traces. i
A‘ Improvements in the signal-to-noise ratio (SNR) can be achieved when these
{

phase relationships are utilized in the processor design. i

; The evaluation of the original TCA processor (Lane, 1973) re-

vealed that improvements in signal-to-noise ratio are much greater for Ray- i
leigh wave processing than for Love wave processing. This is due to two fac-

tors, First, Love wave energy may arrive as rauch as 20° off the great cir- J
cle azimuth, and the TCA processor suppresses this motion as though it were

noise. Second, the TCA processor confuses the radial motion of the Rayleigh ‘
wave with off-azimuth Love waves, and suppresses whatever genuine Love

wave energy which is present. Thus, the TCA processor has shown itself to ' i

be less effective in separating Love waves than Rayleigh waves from noise.

This study describes an attempt to rectify this situation. The
TCA processor is modified to track the incoming Love wave in azimuth and to l
pass its entire duration, This is accomplished by using in the design of the
transverge component filter the additional information contained in the phase ’
relationships of the Rayleigh waves. The evaluation of this modification of

the TCA processor used both synthetic and real data. The synthetic data con-

]

sisted of known signals with high signal-tc -noise ratios buried in seismic

noise. These were used to study the signal-to-noise ratio improvement char- 1
acteristics of the processor. Part of the real data used cousisted of hour-

long noise samples, which were used to determine signal detection criteria 1 ‘
and false-alarm characteristics of the processor. The remainder of the real

data consisted of single-site and beam data recorded at the Alaskan Long Per- {
iod Array (ALPA). This data was used to study the detection performance of

the processor. - {

To allow direct comiparisons betweea tgw'criginal and aew Love

wave precessors, the original Love wave processor was s¢-évaluated using '

|
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the same data base as was used for the evaluation of the new Love wave pro-
cessor. The Rayleigh wave processor was also re-evaluated, since the nec-
essary data processing for this was performed automatically with the Love
wave data processing. Use of the larger data base should improve previous
estimates of Rayleigh wave detection capability improvement due to applica-

tion of the TCA processor,

The following results were found during the course of this

evaluation of the TCA processor:

@ The most effective form of the new Love wave TCA processor
contains rotation of the love wave frequency components about
the vertical axis to the transverse component with an accept-

reject limit placed on the Love wave arrival azimuth,

° At 12 dB true signal-to-noise ratio, we can expect 7-9 dB gain
for Rayleigh waves and 6-7 dB gain for Love waves from the

original TCA processor on single-site data.

. At 12 dB true signal—to—noise ratio, we can expect about 9 dB
gain for Love waves from the uew TCA processor on single~
B site data.
(!
. Only low or negative gains can be expected from either version

of the TCA processor whea applied to beam data.

® Use of the original TCA processor on single-site data lowered
the fifty percent Rayleigh wave detection threshold by about
0.25 - 0.4 m,
threshold by abgut 0.15 m, units,

units and the fif ty perceat Love wave detection

Use of the new Love wave TCA processor oua single-site data
iowqrad the fifty percent Love vave detection threshold by
_about 0. 35 m, units.

[ ]
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e Use of the original TCA processor on beam data yielded a
small (0. 15 m,, uait) improvement in the Rayleigh wave fifty
percent detection threshold and essentially no chafige in the
Love wave fifty percent detection threshold,

. Use of the new love wave TCA processor on beam data yielded
essentially no change in the Love wave fifty percent detection

threshold,

The above points make it clear that the origiral Rayleigh wave
TCA processor and the new lLove wave TCA processor are effective when ap~

plied to single-site data. No versicn is effective when applied to beam data.

C. Techaical Report No. 8: Time~Variant Wiener Filter for Dispersed

Waveforms

The dispersive characteristics of the surface waves generated
by seismic events have been used in various forms in the signal processing
and analysis of long-period (LP) waveforms, For instance, correlation pro-
cesses, such as reference waveform and chirp waveform matched filtering

(MF), compress the available signal energy while averaging the supposedly

‘random noise, to yield correlation peaks of high signal-to-noise ratio (SNR).

Because of the signal energy compression in time, these techniques cannot be
used to obtain an improved estimate of the original signal a& a function of

time, aand are therefore mainly used for detection purposes.

This study preseated a method to enhance the estiinate of an
LP signal as a function of time, through utilization of its dispersive charac-

teristics. We call this techaiqre dispersion-related filtering (DRF).

, The most elemeatary form of DRYF consists of time-vari;ut
aarrowband filtering zlucg the sigoal's presumed dispersion curve. In this
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manner considerably more noise energy can be rejected than in stationary
bandpass filtering of the waveform over the entire expected signal frequency
band. This method has the inherent property, however, to generate partial
chirp waveforms, which can be mistaken for signals, from any broadband
input, including pure noise. For this reason, DRF is not well suited for

signal detection; its main function is signal estimation.

For a given region-station combination the expected dispersion
curve may be obtained by overlaying tha time-variant signal spectra measured
from strong events in the given region. The spread or variance of the dis-
persion curve ensemble and the signal bandwidth at each point in time then

determine the bandwidth to be applied at each point along the dispersion curve.

The signal estimate can be further improved by performing
time-variant Wiener filtering (TVWF); i. e., for each point along the dispersion
curve the expected signal power and the expected noise power are balanced to
yield a signal estimate of minimum mean square error. In particnlar, TVWF
teads to reduce signal over-estimation at frequencies of relatively high noise
power, e.g., at 0.06 Hz (17-sec micro-seismic noise), and at frequencies
around 0, 02 Hz (50 sec).

Besides ambient noise rejection, DRF is theoretically capabie
of separating multiple dispersed signals, provided that the individual disper-

sion curves can be resolved by spectral analysis.

It is clear that in all cases the DRF and TVWF performance
depends lirgely on the effectiveness ind reliability of the spectral analysis
method applied. 'l’liereiora. part of this study's effort was dedicated to the
use of a high-resolution spectral analysis method, the maximum eatropy
spectrum {MES) technique (Burg, 1968).

Ia this study the DRF and TVWF methods were devaloped and
tested on syathetic chirp waveforms aud on beamed waveforms from Sinkiang

iv.7




Province seismic events, recorded at the Alaslan Long Period Array (ALPA}.

N The use of this data base permits comparison with the results of a previous
f ' matched filtering performaace study (Unger, 1973). The emphasis was placed
on the feasibility of dispersion-related filtering and on its potential and limita-
E tions to improve the estimation of long-period se¢ismic signals from noisy wave
8 | waveforms.
_ﬁ These experiments led to the following conclusions and indica-
: '-":f " tions:
® The MES results are somewhat ambiguous and depend strongly
on the MES algorithm parameters used (sample rate, wave-
. form gate length, number of error prediction filter coeffic-
* ients).
B
| ; ) The definition of regional dispersion curves is subject to an
g analyst's spectral interpretation.
g o Despite some ambiguity, the MES technique provides high-
¥ resolution group velocity curves. i
o The TVWF is effective as a signal estimator rather than as a ;
detector. I
d
® The TVWF enhances the estimation of signals at least down to g
0 dB RMS SNR. In particular, it considerably improves the ] 5
measurability of surface wave magaitudes.
o Below 0 dB RMS $NR, the estimates may become uareliable ‘
due to noa-stationary ccherent noise and the difficulty of esti- il
$
mating the waveform's SNR, which is a sensitive parameter in
the Wiener filter design.
] The TVWYF noise rejection over stationary bandpass filtering

ranges from 3 to 9 dB depending on the inshereat bandwidth of
‘a signal along its dispersion curve.
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Dispersion-related filtering is based on narrowband filtering
about a known dispersion curve; narrowband filtering of time-
variant waveforms produces amplitude and phase errors, The
amplitude errors, which mainly depend on the filter bandwidth
and the dispersion rate, can in general be corrected to within

1 dB; in unfavorable cases the remaining error mAy be as much
as 2.5 dB., The phase error ;ould not be corrected, but ap-
pears to be small for natural seismic signals,

The filter's separation power ig limited by tne widths of the

sin x/x main lobes and the presence of side lobes, determined
by the filter bandwidth. For signals with parallel dispersion
curves the minimum separation interval and the corresponding
bandwidth are determined by the dispersion rate. For a 4. 10-5
Hz/sec dispersion rate,signals separated by 200 sec can be
resolved with a bandwidth of 0,008 Hz; however, the output
contains about 50 percent amplitude distortion due to sin x/x
gide lobe interference. Signals with non-parallel dispeision

curves appear to be better separable.

The TVWF requires that the signal start time be known; this

may be found with any, or a combination, of the fullowing

methods:

- deduction from given source location and time

- sliding the TVWF dispersion band through the wavelorm

and searching for the maximum RMS value

- MES analysis

- instantaneous signal phase detection.

The second and third method appear to be most accutat@. but

are more time and core consuming.
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in the present design the filtering is performed in the frequency
domain; this requires in principle one inverse Fourier trans-
form for every dispersion point of non-overlapping bandwidths.
For a signal with a 1000-8ec dispersion, sampled at 2-sec in-
tervals, with 5, 1074 1 frequency increments and 0, 04 Hz
bandwidth, this amounis to more than 80 inverse transforms.
Alternatively, one may couceive the filter design as a time-
domain coavolution, using a tuned filter technique; this method

should be considerably fas ber.

The TVWF signal euhancemeﬁt should prove useful in magnitude

- measurement, 'Msa nxb discrimination, Love wave versrs Ray-

leigh wave eunergy measuremeant, source parameter studies,
propagation and geologicel structure studies, and possibly

other signal analysis and classification techniques.

A statistical filtey perﬁorﬁi@hﬁe wv@ual‘inp using an ensemble
of combiuations of noise saxaples ang km:wu signals is requirmd
to Q'sia&lish the full ré\mge of filter pt&rfuxf'&j{gw\f:e characteristics.
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SECTICN V
DISCRIMINATION TASK

This task involved two. quite different approuaches to the vro-
blem of discriminating between earthquakes and underground auclear explo -
sions. The first approach involved the augmentation of the lnteractive Seis-
mic Processing System (ISPS) developed by Ringdal and Skaub (1974) with a
module wiich performs several discrimination calculaticns, The overall
purpose of this systemn is to provide an interactive graphics capability for
the purpose of detecting and analyzing seismic waveforms. The second ap-
prouc\'h involved the ¢ Lx'&minaﬁon of first~zone surface wave spectra for high-

ey mn\t@h. geper u\tmm and L\xe. possible us¢ of thw hmde. to determine depth

_{(M g s o’ii\wmmmm&u bv source depm estimatiun&

| i,
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*) ‘ f.)amg,u, Simulated Operation, and Evalua-

' }.x ﬁ\h\\m»mmw 8o..ismic Discrimination Processor in the Con-

o poMs,b&u & *"\io&wmm ;Eafficiency is required to keep up with the daily load of
. eveaty aub)\mtefx\w classification processing. Flexibility is required to

quickly al.ter operating procedures. . It is anticipated that such changes will
be needed until our discrimination capability is sufficient to identify explo-
sions orig,iqmd from any rcgion of interest. -

To partially fulfill these requirements, a special purpose
intcmctive seismic processing muule was developed on a PDP-15

V-l




minicomputer for Short Period Earthquake/Explosion Discrimination (SPEED).
This processing module was imbedded in a simulated special purpose seismic
operating system. This system, the Interactive Seismic Processiag System
(ISPS), was developed by Ringdal and Shaub (1974). The module SPEED con-
sists of three discriminant calculations. In Figure V-1, the first one of the
discriminant functions performs cepstrum analysis; the second, variable fre-
quency magnitude (VFM) analysis; and the last, corner frequency analysis
{CF). The three functions of SPEED - cepstrum, VFM, and C¥ - are de-

scribed as follows:

° The cepstrum analysis is subdivided into three interactive
subroutines. SUBI adjusts start time or exponentially tapers
the data as described by the analyst. SUB2 separates the sig-
nal and echo by trial and error deconveolution. SUB3 generates
a residual seismogram and sets up CEPSTRUM to pick later
phases {e.g., multiple explosions), if desired by the analyst.
The statistics generated for discrimination are the time delay
of the echo, reflection ¢ -~sfficient, correlation coefficient be-
tween the echo and the first arrival, and the reasidual noise
when the estimate of the echo and first arrival are removed

from the original data.

® The VFM analysis in SUB4 removes the exponential taper from
the first arrival signal estimate derived from CEPSTRUM. In
SUBS it computes the high and low frequeacy dependent magni-
tudes from the correspoanding semi-log-signal spectrum dis-

play corrected for absorption.

. The CF aaalysis in SUB6 can measure up to four coraer fre-
quencies, amplitudes, and roll-offs from the log amplitude
versus log frequency spectrum of the signal ti-;nnmiuion

o “coxroctjd for absorption.

v
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SHORT-PERIOD EARTHQUAKE/EXFLOSION DISCRIMINATOR

Processing Module

SPEED
. Sub-Module Sub-Module Sub-Module
{ | CEPSTRUM VFM CF
[
' SUSB 1 SUB 2 SUB 3 SUB 4 SUB 5 SUB 6

A

SUB 1 - Conditions Data For Cepstrum Analysis
SUB 2 - Separates Signal And Echo

SUB 3 - Computes Residual Seismogram
Tl SUB 4 - Conditions Data For Spectral Analysis
SUB 5 - Computes Variable Fiequency Magnitudes
|

SUB 6 - Computes Corner Frequency And Amplitude From Log-Log
Spectrum Plot ‘

 FIGURE V-1
SHORT-PERIOD EARTHQUAKE/ EXPLOSION DISCRIMINATOR
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Support programs were developed to use an IBM 360/44 com-
puter to reduce all of the station component seismograms to a single repre-
sentative event weveform. An option is provided for inputting the single rep-
resentative eveat waveform into SPEED either corrected for or uncorrected
for system response., The examples analyzed were corrected to broadband

grouad displaceineunt between 0,25 and 5.0 iz,

The SPEED processing module as preseatly configured can be
programmed o perform any ote of many discriminatibu procedures by a pre-
scribed sequence of buiton pushing. To obtaln baseline performance data,
one very simple and reproducible discrimivnati‘.on processing procedure was
prescribed. A data base of 35 events, including 20 earthquakes and 15 pre-
sumed explosions ia the mignitude range between 4.4 and 6.1, were run
through the SPEED processor. ¥or each event, the discrimination mea-
surements obtained from SPEED -\}i\'&\&te processed by multivariate discrimina-
tion analysis of freguency &&panﬂé@l&‘;"magnitude measurements to derive a two -
component discriminant output.. Ow&» "\\wmponent was optimized to discriminate
central Asian presumed explam\mam.‘]_\: The wther component was optimized to
discriminate westera United Stales ySrﬂsumed explosions. The performance
results obtained by unalyzing the leagth of the two componeut discriminant
vectors clearly separated earthquakes from presumed explosion eveats from
the two regions, Assuming normal statistice, it is expected that 90 percent
of the presumed explosions can be detected with a probability of false positive
identification of 0,004. Two outliers were obtained, one from each presumed
explosion region. This indicates the nced for more discriminant components
in the measured discriminaat vector, and possibly more componeats ia the
resultant discriminant space needed to identify all explosions by region or

medium type.
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B, Technical Report No. 10: Applications of Higher Mode Surtace

Waves

It is well known that earthquakes and underground nuclear ex-
plosions radiate energy in the form of surface waves which propagate at velo-
cities which are the roots of equations relating frequency, seismic velocity,
and propagation velocity (Harkrider, 1970). There are an infinite number of
roots to this equation both for Love and Rayleigh waves, and in principle
every seismic event is accompanied by energy propagating in each of the
modes corresponding to these roots. Ia practice, only the fundamental mode

(i.e.; R Lo) with lowest velocity is excited with large enough amplitude to

0’ :
be useful for most detection and discrimination problems, In this study, we
attempted to obtain information about the source from hitherto unused higher

mode surface waves,

Two uses for higher modes were examined, both employing the
first higher mode Love wave (denoted Ll)' This mode was chosen because its
amplitude is expected to be larger than that of any other higher mode love
wave, aand because it varies more in amplitude with period than does the first

higher mode Rayleigh wave, the other possible candidate for this study.

A number of studies (Turnbull, et al., 1973, Turnbull, 1976)
have described a procedure for {itting measured seismic spectral amplitudes
to theoretical source spectra. Seismograms recorded at stations with good
azimuthal distributicn about the source (if possible) are narrowband filtered
to estimate the Fourier component attributable at that period to the arrival of
interest (Alexander, 1963), These spectral amplitudes were correctzd for the
earth's attenuation, structure, and for distance, and the mean square differ-
ence between them and those predicted by a model is minimized as a function
of the modesl parameters. The parameter most sensitive to this fitting pro-
cess is the source dapth, so that this method can be used to discriminate be-
tween deep and shallow events.

V-5
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The radiation pattern for higher mode surface waves is simi-
lar to that of the fundamental mode, since the various modes are characteris-
tic of the medium rather than the source (Turnbull, 1976). The amplitude
response of the earth is different for different modes, due to their different
wavenumbers, aad this response can be calculated for a given earth model,
Finally, the attenuation of the earth may be different for various modes, and
must be found by experiment, Then higher mode amplitudes may be used to

calculate source depth in the same way as are fundamental mode amplitudes.

It was attractive to look for another discriminant based on

higher modes, and the amplitude ratio LI/ L was investigated for this pur-

pose, This ratio was calculated for source n?odels at various orientations
for a range of periods from 6 to 15 secoads, for several earth models, Under
the appropriate models the ratio's level changed with orientation but its gen-
eral features as a function of period did not, and that the ratio displayed fea-
tures below 15 seconds which occur at lower periods for lower velocity sur-
face layers. Measurement of this ratio should then give an indication of the

seismic velocity at the source,

Surface waves from a numbear of events were examined for the
presence of higher mode energy. Amplitudes of the first higher mode Love
wave were measured, corrected for distance, instrument response, and at-
tenuation, and fit to a mode!l of the fault plane and propagation path. The re-
sults suggested that this mode, the most promising for the purpose, has no
capability for depth discrimination, at leaat in North America. The reasons
for this failure are the high value of the energy attenuation coefficient and the

lack of a good source model.

In order to discriminate between different source structures,

the ratio Lll L, was calculated as a fuaction of period both experimentally

from the observed data and theoretically from two source models. Agreemeat
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between observation and theory was more encouraging than for the spectral

fitting method, but was still short of satisfactory,

oy TS .

It is recommended that any further study of the utility of higher

modes for discrimination be directed toward data from a region of low attenua-

tion coefficient and well known simple structure,
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SECTION V1
COMPUTER PROGRAM DOCUMENTATION

The documentation for the adaptive beamforming program
(ABF) developed by Texas Instruments Incorporated for the Air Force Tech-
nical Applications Center (AFTAC) under Contract Number F08606-74-C-
0033 was modified to include Korean Research Seismic Station {KSRS) short-
period array type 3 formatted data, as well as the original type 1 formatted
data. As mentioned in the original documentation (1974}, this program has

the following significant features:

® Several covergence rates can be analyzed in one pass of the

input data.

® Optionc exist for inputting vertical'component data from the
ALPA, NORSAR, and LASA long-period arrays and the Korean

short-period array.

Options exist for combining two separate eveats after scaling

.._._.___,:
e

and rotating the events to the desired azimuths so that iater-

fering events may be analyzed; the adaptive filters are design-

Wnartonrd

ed on the composite trace and the user is allowed to view the

effect of the filters on each event.
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APPENDIX A

LIST OF REPORTS FROM CONTRACT
¥08606-76-C-0011

QUARTERLY REPORTS

1.

2.

5-

Quarterly Report No. 1, covering the period 15 July 1975 to
15 October 1975, Texas Instruments Report No. ALEX(01)-
QR-76-01, 15 October 1975,

Quarterly Report No. 2, covering the period 15 October 1975
to 15 January 1976, Texas Instruments Report No. ALEX(01)-
QR-76-02, 15 January 1976,

Quarterly Report No. 3, covering the period 10 January 1976
to 10 April 1976, Texas Instruments Report No, ALEX(01)-
QR-76-03, 10 April 1976.

Quarterly Report No. 4, covering the period 10 April 1976 to
10 July 1976, Texas lastruments Report No. ALEX(01)-QR-
76-04, 10 July 1976.

Quarterly Report No. 5, covering the period 10 July 1976 to
10 October 1976, Texas Instrumeunts Report No. ALEX(01)-
QR-76-05, 10 October 1976.

TECHNICAL REPORTS

1.

Prelimiaary Evaluation cf the Iranian Long Period Array,
by 'Ah.n C. Strauss, Texas Instruments Report No. ALEX(01)-
TR-76-01, 29 October 1976. B
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9.

10,

Preliminary Evaluation of the Seismic Research Observatories,
by Alan C, Strauss, Texas Instruments Report No. ALEX(0l)-
TR-76-02, 29 October 1976,

Evaluation of Two Automatic Signal Detectors Using the Korean
Seismic Research Station Short-Period Array, by Wen-Wu Shen,
Texas lastruments Report No. ALEX(01)-TR-76-03, 29 October
1976.

Network Capability Estimation, by Nolan S, Snell, Texas In-
struments Report No, ALEX(01)-TR-76-04, 24 September 1976,

Study of the Adaptive Bearnforming Detector Using the Korean
Seismic Research Station Short-Period Array, by Wen-Wu Shen,
Texas Instruments Report No., ALEX(0l)-TR-76-05, 29 October
1976,

Development of Threc Signal Processing Techniques, by Stephen
S. Lane, Texas Instruments Report No. ALEX(01)-TR-76-00,
29 October 1976.

Evaluation of the Improved Three Component Adaptive Pro-
cessor, by'Alan C. Strauss, Texas Instruments Report No,
ALEX(01)-TR-76~07, 24 September 1976,

Time-Variant Wiener Filter for Dispersed Waveforms, by
Rudolf Unger, Texas lastruments Report No. ALEX{01)-TK-
76-08, 29 October 1976.

Design, Simulated Operation, and Evaluation of a Short-Period

Seismic Discrimination Procéssor in the Context of a World-
Wide Seismic Surveillance System, by Rob.rt L. Sax, Texas

Instruments Report No. ALEX(01)-TR-76-09, 29 October 1976.

Applications of Higher_Mo’de Surface Waves, by Stephen S. Lane,

Texas Ingtruments Report No. ALEX(01)-TR-76-10, 11 October
916,
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c.

DOCUMENTATION

1. Documentation of the Adaptive Beamforming Program For

Interfering Event Studies, Change 1, 20 August 1976.

FINAL REPORT

1. Fiaal Report. VELA Network Evaluation and Automatic Pro-
cessing Research, by Lawrence S. Turabull, Jr., and Staff,
Texas Instruments Report No. ALEX(01)-FR-76-01.




